Background Reduction osteotomy (removing the posteromedial tibial bony flare) is one step to aid in achieving deformity correction in varus arthritic knees during TKA. However, the amount of deformity correction achieved with reduction osteotomy during TKA is unclear. Questions/purposes We therefore addressed the following questions: (1) What is the amount of deformity correction achieved with reduction osteotomy during TKA in varus knees? (2) What is the correlation of amount of deformity correction achieved to the amount of bone osteotomized and the degree of varus deformity?
Introduction
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Reduction osteotomy [5, 14] is performed by removing the posteromedial tibial bony flare by using a well-positioned tibial trial component as a reference. The purpose of this technique is to remove the tenting effect of the medial flare of the proximal tibial bone on medial soft tissue structures. Although previously described as a method to achieve deformity correction and soft tissue balance of the medial gap with the lateral gap in varus arthritic knees [5, 14] , the degree to which such an osteotomy effects this correction has not, to our knowledge, been quantified in TKAs performed for varus knees.
Using intraoperative measurements, we therefore addressed the following questions: (1) What is the amount of deformity correction achieved with reduction osteotomy during TKA in varus knees? (2) What is the correlation of amount of deformity correction to the amount of bone osteotomized and the degree of varus deformity?
Patients and Methods
The senior author (ABM) performed 91 primary computerassisted TKAs during a 3-month period from April 2012 to June 2012. These included 85 TKAs in varus arthritic knees and six TKAs in valgus arthritic knees (as determined using preoperative full-length, hip-to-ankle radiographs; hip-knee-ankle angle B 180°was considered varus and [ 180°was considered valgus). For the study, we prospectively collected intraoperative data in 85 knees undergoing computer-assisted primary TKAs in varus arthritic knees. We included all primary TKAs performed for varus arthritic knees secondary to primary osteoarthritis, rheumatoid arthritis, or posttraumatic arthritis. We excluded patients who were found to have fully correctible varus deformities intraoperatively or varus deformities correctible to within 2°of the ideal hip-knee-ankle axis (ie, 180°) after applying maximum valgus stress when assessed using computer navigation because performing a reduction osteotomy in these cases will result in excessive medial soft tissue laxity and overcorrection. Based on the exclusion criteria, 14 knees were excluded from analysis because they had fully correctible deformity and did not indicate a reduction osteotomy. Hence, 71 knees that required a reduction osteotomy during TKA were included in the analysis. These were performed in 50 patients (21 bilateral) with a mean age of 66 years (range, 39-89 years) and a mean body mass index of 28 kg/m 2 (range, 23-33 kg/m 2 ) at the time of surgery.
All knees were approached using an anterior longitudinal incision and a medial parapatellar arthrotomy under a tourniquet. A cemented, posterior cruciate-substituting design was used for all cases, PFC Sigma (DePuy International, Warsaw, IN, USA) in 14 knees and Scorpio Single Axis (Stryker Orthopaedics, Mahwah, NJ, USA) in 57 knees. All patients had resurfacing of the patella. The image-free Ci Navigation System (Version 2.5; Brainlab, Munich, Germany) [6, 12, 15, 16] for PFC Sigma knees and the image-free Stryker Knee Trac Navigation System (Version 3.1; Stryker Orthopaedics) [8, 11] for Scorpio Single Axis knees were used to perform navigation during TKA.
The intraoperative technique protocol followed for this study is summarized ( Fig. 1 ). Both cruciates, menisci, and medial femoral osteophytes were excised as part of the exposure before registration. Care was taken not to perform any soft tissue release initially during exposure and medial release was restricted to only the anteromedial capsule and deep medial collateral ligament (MCL) attached to the proximal tibial surface so as to facilitate anterior dislocation of the tibial plateau required for registration ( Fig. 2A ). During navigation, registration was performed in a standard fashion after insertion of two pins in the proximal tibia and distal femoral shaft to which arrays were affixed. The mechanical axis of the lower limb was obtained by navigation, registering the center of the femoral head, both malleoli, the center of the intercondylar notch, and the center of the tibial plateau. The surgical aim of navigated TKA was to achieve a final coronal plane limb alignment within 1°from neutral in full extension, a mediolateral soft tissue gap difference of less than 1 mm in full extension and less than 2 mm at 90°flexion, and a flexion-extension gap difference not exceeding 2 mm.
After registration, the severity of varus deformity was recorded using navigation. The degree of correctability of varus deformity was also recorded in all cases by the senior author (ABM) by using a standard method of applying maximum valgus stress at the knee with the knee in maximum extension and the limb in neutral rotation as denoted by the central position of the patella over the knee and the foot in neutral rotational alignment. A reduction osteotomy was planned if the varus deformity could not be brought to within 2°of the ideal hip-knee-ankle axis (ie, 180°) after applying maximum valgus stress. The amount of medial bone to be excised during osteotomy was based on the observations made by the senior author during previous navigated TKAs that a reduction osteotomy of 2 mm would approximately give a deformity correction of 1°. Therefore, if the residual varus deformity was found to be 4°, a reduction osteotomy of 8 mm was planned to be performed. Hence, the amount of osteotomy to be performed in each case was measured and marked (from the most medial edge of the medial flare and moving in the lateral direction) on the proximal tibial surface using a measuring scale. The line of osteotomy along the medial aspect of the tibial surface was delineated using the medial margin of tibial tray as a reference with the lateral margin of the tray aligned with the lateral tibial plateau (Fig. 2B ). The optimal tray size in each case was decided based on the corresponding femoral size and the amount of osteotomy required. Therefore, for a PFC Sigma implant, if the femoral size was 2.5 (which corresponds to either a size 2.5 or 2 tibial tray) and the amount of osteotomy required was 6 mm, then the tibial tray chosen would be usually a size 2 because a size 2.5 would be too large after excision of 6 mm of medial tibial bone. The osteotomy was then performed along the demarcated line using a broad osteotome.
The degree of correction after osteotomy was then measured using navigation. If residual varus deformity of B 2°p ersisted despite reduction osteotomy (40 knees), then release of proximal tibial attachment of semimembranosus was performed. However, if residual varus deformity of [ 2°persisted (12 knees), then further medial soft tissue release to include the posteromedial capsular attachment from the tibia with or without segmental excision of the posteromedial capsule was performed ( Fig. 1) . Proximal tibial and distal femoral cutting blocks were navigated into position and the tibial resection performed first. Tibial and distal femoral bone resection thickness was varied based on the degree of deformity and severity of lateral laxity (the greater the deformity and laxity, the lesser the bone was resected). Soft tissue balance in full extension was confirmed using spacer blocks in which a valgus and a varus stress was applied to determine the degree of laxity. In cases in which deformity was fully corrected but medial tightness persisted vis-à-vis the lateral side, further bone was osteotomized medially by downsizing the tibial component (in three knees) if that was feasible within the constraints of tray-femoral component compatibility. The flexion gap was equalized to the extension gap by the optimized gap-balancing feature of the computer software by simultaneously adjusting the femoral component size and position. Once the surgeon was satisfied with the femoral size and level of distal resection, the distal femoral resection was performed with navigation. The AP cutting blocking was navigated into position using the proximal tibial cut, Whiteside's line, and the transepicondylar axis for rotation while simultaneously referencing the anterior femoral surface with a stylus to avoid notching. Final alignment of the knee was confirmed by navigation after cementation.
Only intraoperative data were used for analysis in this study. No postoperative followup was required. Degree of varus deformity before and after reduction osteotomy, amount of osteotomy performed, and final alignment after implantation of prosthesis were recorded intraoperatively ( Table 1) . Reduction osteotomy was performed in 71 knees for deformity correction in this study. The mean varus deformity before reduction osteotomy was 14°± 4.5°( range, 6°-32°). There were 44 knees (62%) with a preosteotomy varus deformity of \ 15°and 27 knees (38%) with a preosteotomy varus deformity of C 15°. The mean knee alignment after implantation of the prosthesis was 0.5°± 0.5°.
For statistical analysis, the correlation between the amount of osteotomy and the degree of correction achieved, between preoperative varus deformity and the degree of correction achieved, and between the degree of preosteotomy residual varus deformity and the degree of correction achieved was determined using Pearson's correlation coefficient. A multiple regression analysis was performed using the SPSS (Version 15; SPSS, Chicago, IL, USA) statistical analysis software to determine which factor among preoperative varus deformity, preosteotomy residual varus deformity, and the amount of osteotomy determined the amount of correction achieved. 
Results
For every 2 mm taken from the medial tibia, an average of approximately 1°of correction of varus deformity was achieved. In the 71 knees, we performed osteotomies measuring a mean 7.5 ± 2 mm and observed a mean correction of varus of 3.5°± 1°.
The degree of varus correction achieved correlated positively with the amount of osteotomy performed (r = 0.71, p \ 0.001). This correlation was stronger among knees with preoperative varus deformity of \ 15°( r = 0.77, p \ 0.001) compared with knees with a preoperative varus deformity of C 15°(r = 0.55, p \ 0.001) (Fig. 3) . The preosteotomy residual varus deformity correlated positively with the amount of correction achieved (r = 0.81, p \ 0.01). Multiple regression analysis revealed that the amount of correction achieved depended on the amount of osteotomy performed and the amount of preosteotomy residual varus deformity.
Discussion
Reduction osteotomy is just one step to aid in achieving deformity correction in varus arthritic knees during TKA [11] . However, how much reduction osteotomy contributes in correction of varus deformity is unclear. Hence, we sought to answer the following questions: (1) What is the amount of deformity correction achieved with reduction osteotomy during TKA in varus knees? (2) What is the correlation of amount of deformity correction to the amount of bone osteotomized and the degree of varus deformity?
There are a few limitations to this study. First, although reduction osteotomy does facilitate correction of deformity, the effect may not be always as predictable, especially in the presence of recalcitrant medial soft tissue contracture because there is clearly a limit to the extent of bone that can be excised. Further correction demands additional soft tissue release; in fact, a sliding medial condylar osteotomy has been described recently for more resistant contractures [15] . However, most of the knees (69%) in our study showed a narrow range of 1.5 to 2.5 mm for the amount of osteotomy required for every 1°of correction with a 95% confidence interval of 1.7 to 2.6 mm for the amount of osteotomy required per degree of correction. Second, deformity and imbalance in an arthritic knee undergoing TKA are the result of a combination of bony and soft tissue changes locally. Therefore, studying the effect of either bone resection (by reduction osteotomy) or soft tissue release alone on deformity correction during TKA may be challenging. We have tried to work around this problem by performing reduction osteotomy early on during the TKA before any significant soft tissue release was performed and recording the relevant data then to ensure that only the effect of reduction osteotomy is observed (Fig. 1) . Third, reduction osteotomy that involves excision of the uncovered medial flare from the proximal tibia may seem to act by achieving release of the superficial MCL attachment from the proximal tibia. However, the tibial attachment of the superficial MCL is approximately 6-to 7-cm distal to the joint line [9] and is far away from the distal extent of the reduction osteotomy (Fig. 2D ). Fourth, our study specifically aimed to quantify the effect of reduction osteotomy on the degree of varus deformity correction using intraoperative data; determining its effect on clinical or radiographic outcome was not an aim of this study. However, Dixon et al. [5] in their small series of 12 TKAs in which reduction osteotomy was performed to correct severe varus deformity during TKA reported excellent clinical and radiographic outcome at a mean followup of 42 months. Finally, studies have reported stress shielding and change in bone density around the tibial component, especially on the medial aspect, in TKA [17, 20] . Factors such as tibial base plate size [1] and position [7] , limb alignment [21] , and even cementing technique [2, 4] have been attributed to this change in bone density. Whether reduction osteotomy (which involves removal of the excessive bone medially) alters bone density around the tibial implant and leads to any adverse effect on long-term survival of the implant is not known. Dixon et al. [5] in their short series of 12 TKAs performed with reduction osteotomy have reported no evidence of osteolysis, loosening, or component subsidence in any patient at a mean followup of 42 months. Hence, in the short term, reduction osteotomy does not seem to have any adverse effect on the outcome and survival. We are currently reviewing the longterm results of reduction osteotomy.
The results of our study showed that reduction osteotomy when performed in varus arthritic knees during TKA can achieve deformity correction in a predictable manner (approximately 1°of correction per 2 mm of osteotomy). For this study we performed a reduction osteotomy as the first step before any release to assess its standalone effect on the degree of deformity correction, whereas reduction osteotomy usually is performed after preliminary or sometimes extensive medial soft tissue release [5, 14] . In the authors' opinion, reduction osteotomy can therefore be performed early before any major soft tissue release and can act as a soft tissue-sparing step during TKA. This has the advantage of minimizing the amount of release required to balance the knee and preventing any overrelease medially leading to instability [5, 13] . In a previous cadaveric study, Mullaji et al. [13] have shown that with every step of release of soft tissues, there is an effect on the flexion and/or extension gaps and that may differ medially and laterally. Obviating or minimizing releases mitigates the adverse effect of releases on gaps. To the best of our knowledge, this is the only study that has attempted to quantify the effect of reduction osteotomy on correction of varus deformity during TKA. Dixon et al. [5] have reported the short-term clinical and radiographic results of correction of severe varus deformity in 12 TKAs by tibial component downsizing and resection of the uncapped proximal medial bone from the tibia. However, they had not quantified the amount of osteotomy performed in their case series. Similarly, Mullaji et al. [14] in their series of 173 TKAs performed in knees with profound varus deformity ([ 20°) had also described the use of reduction osteotomy as a method to achieve deformity correction and mediolateral soft tissue balance after extensive soft tissue release. However, there is no mention of the effect of reduction osteotomy on the degree of deformity correction in that study [14] .
Furthermore, our study clearly showed a strong positive correlation between the degree of varus correction achieved and the amount of osteotomy performed, especially in knees with varus deformity of \ 15°, although this correlation was not strong in knees with varus deformity of C 15°. This was probably attributable to the fact that in knees with C 15°varus deformity, there could be associated severe medial soft tissue contracture, excessive lateral soft tissue laxity, or rarely an associated extraarticular deformity (like tibia vara or femoral bowing) [15, 16, 18] , which makes it difficult to achieve deformity correction with minimal medial soft tissue release and reduction osteotomy alone [15, 16, 18] . Our study also showed a strong positive correlation between the preosteotomy residual varus deformity and the degree of varus correction achieved, ie, the greater the preosteotomy residual varus deformity, the greater the correction achieved. Hence, these findings suggest that in knees with greater varus deformity (C 15°), although the absolute correction achieved with reduction osteotomy was greater compared with knees with lesser varus deformity (\ 15°), it may not always fit the 2 mm for 1°pattern.
Based on the findings of our study, reduction osteotomy can be used to achieve deformity correction in varus arthritic knees in a predictable manner, especially in knees with \ 15°varus deformity, and will help the surgeon in avoiding or minimizing medial soft tissue release. However, the surgeon needs to be careful in knees in which the varus deformity is correctible to \ 5°or highly correctable deformities in which performing a reduction osteotomy may lead to excessive slackening of soft tissue medially and overcorrection. Reduction osteotomy can achieve deformity correction in a predictable manner in a 2 mm for 1°pattern in most varus arthritic knees during TKA. It is an effective soft tissue-sparing step when performed early on during TKA to achieve deformity correction.
